We have developed a method that integrated the widely used nanogold immunoassay into direct atomic force microscopy (AFM) imaging and provided a specific morphological technique applying for virus identification. The series of specimens including bare gold particles (Au), antibody-conjugated gold particles (Au-Ab), purified influenza virions Under direct AFM, the topographical image of the scanned biosamples can be easily investigated and reproduced. Our findings achieved the combination of virus morphological features with antibody-antigen specific recognition through the application of antibody-specific nanogold labels and, in principle, the labels for immuno-AFM could be extended to other types of nanomaterials for bio-recognition and localization assay.
Material and method
1.Materials
Antibody labeling of immunogold nano--particles
Colloidal gold nanoparticles were prepared by Natan method [1] . Briefly, 100 ml deionized water was heated to boil. 1ml Other AFM experimental procedures and parameters were performed as described previously [2] [3] [4] .
Transmission electron microscopy
A double-staining immunoelectron micro--scopy was used in this study. [5] [6] .
As a companion technique to TEM, AFM [7] is a unique technique to provide subnanometer resolution under physiological conditions [8] . [2, [9] [10] [11] [12] .
Theoretically, introduction of immuno--labeling technique into AFM would achieve direct visualization of the immunolabels' locations within bio--specimen at nanoscale, which could be potentially developed as a substitute for IEM.
However, unlike IEM, AFM uses a tiny, -receptor adhesion [13] , antibody-antigen interaction [14, 15] , enzyme recognition processes [16] , polysaccharide elasticity [17, 18] , DNA mechanics [19, 20] and function of molecular motors [21, 22] . However, the usage of modified probes with ligands may result in the morphological features of the scanned bio-specimen hard to be reproduced and calibrated. Consequently, the specific bio-recognition process could not combine with the " true " morphology of bio--specimen.
Here we developed a specific nanoscale morphological technique that integrated immunogold labeling assay into direct AFM imaging. Since the sample homogeneity appeared to be essential for good AFM imaging [23] , we used purified H1N1 viruses while some other parts were merged into background (Fig. 1g) . Further section analysis of aggregated Au-Ab particles displayed significant divergences in particle morphology in height, amplitude and phase images as shown in black circle area in Fig. 1e , f, g. Those intact aggregated
Au-Ab particles shown in height and amplitude modes kept adjacent performance (Fig.1i, j) , while, the partiles appeared as separated and non-intact distributiuon with intense brightness features in phase ( (Fig.2e, f) , phase image (Fig. 2g ) displayed more detailed background components and lots of smaller particles (presumably immunoglobulin molecules) could be observed on or beside spherical/ filamentous H1N1particles. TEM images (Fig. 2h ) of H1N1-Ab still displayed intact morphological features except a little faintness appeared on virus particles when compared with TEM image of the pure viruses without bound antibodies (refer to Fig. 2d) .
Finally, H1N1-Ab-Au complex images from different scan fields on the sample glass coverslip were scanned by AFM at scan size as 600nm × 600nm, 300nm × 300nm and 200nm × 200nm individually. The topographical features of H1N1 particles were still clear and visible on height and amplitude images. Many "higher brightness spots"were observed apparently in the phase image (Fig.  3c,g,k) and these spots could not be found in the corresponding height (Fig. 3a,e,i ) and amplitude images (Fig. 3b,f,j) . Moreover, we found these contrast signals in phase appeared as "pits"on or beside virions surface in the corresponding amplitude image (Fig. 3b,f,j) . As a control, TEM image of H1N1-Ab-Au complex sample was performed, and some " intense black dots " , known as high electron dense immunogold particles, were visualized on or beside H1N1 virions (Fig.3d, h ). Fig. 1e, f and g. Height (i) , amplitude (j) and phase (k) images displayed significant divergence in particle morphology. The origin of the phase contrast is from the difference in probe-sample interaction, which heavily depends on the viscoelasticity of the material under scrutiny. Previous study showed phase images recorded at moderate tapping were related to surface stiffness variations associated with Young's modulus change [1] . Au particles are much harder than the biomaterial samples as virion, immunoglobulin and bovine serum albumin (BSA) employed here, and produce stronger interaction when probe taps on them. This is why the Au particles appeared as bright spots in phase image (Fig. 3c,g,k) .
Meanwhile, higher interaction force causes decrease of amplitude, shown as pits in amplitude image ( Fig 3b,f,j) .
The boundary between two objects shows difference in effective viscoelasticity even they are same in material. For example, the boundary or the gap between H1N1 virion and the bound immunogold particle may have different interaction from both parts, which produces contrast in phase, as shown in Fig. 3k . However, the gap might be much smaller than the probe size and probe could not insert into it. Therefore, the gap between two parts cannot be observed in height and amplitude images, as shown in Fig. 3i and Our data also showed that intense phase contrast might lead a little decreasing of quality of viral particle imaging when goldparticles appeared on phase image (Fig.   3c, g, k) . Interestingly, the simultaneous outputting height and amplitude images seemed no loss of quality (Fig. 3c, g, k) . Additionally, we also found that a minority of Au-Ab particle was difficult to display on phase image (Fig. 1g) , which implicated that sensitivity of this specific morphological immunoassay would be lost a little since a small proportion of Au-Ab labels lost signals inevitably. Thus, the Au particle may be probably not the best label candidate for application of immuno-AFM. However, it should be also noted that the "classic" IEM labeling 
